Unattached kinetochores generate an anaphase inhibitor, through the spindle assembly checkpoint (SAC), that allows cells more time to establish proper kinetochore-microtubule (K-MT) linkages and thus avoid aneuploidy. Mad1 is the receptor for Mad2 at kinetochores, where it catalyzes the formation of Mad2-Cdc20 complexes, an essential part of the anaphase inhibitor, but whether it has any other mitotic function is unknown. We have generated a mad1-null mutation in Drosophila. This mutant is SAC defective and Mad2 is no longer localized to either nuclear envelope or kinetochores, but it displays normal basal mitotic timing. Unlike mad2 mutants, which have relatively normal mitoses, mad1 anaphases show high frequencies of lagging chromatids, at least some of which are caused by persistent merotelic linkages. A transgene expressing GFP-Mad1 rescues both the SAC and the anaphase defects. In an attempt to separate the SAC function from the mitotic function, we made a mad1 transgene with a mutated Mad2-binding domain. Surprisingly, this transgene failed to complement the anaphase phenotype. Thus, Mad1 has activity promoting proper K-MT attachments in addition to its checkpoint function. This activity does not require the presence of Mad2, but it does depend in some unknown way on key residues in the Mad2-binding domain of Mad1.
Introduction
The kinetochore plays two key roles in mitosis. It is both the platform for attachment of spindle microtubules to chromosomes and the site of action of the spindle assembly checkpoint (SAC) (Santaguida and Musacchio, 2009) . Unattached kinetochores generate an inhibitor of anaphase onset, through the SAC, that allows cells more time to establish proper kinetochore-microtubule (K-MT) linkages and thus avoid the generation of aneuploid daughters. Upon mitotic entry, the proteins required for the SAC are recruited to unattached kinetochores. In response to proper K-MT attachment, the SAC apparatus is dismantled and the source of the anaphase inhibitor is shut off.
Mad1 is one of the six original checkpoint proteins first identified in yeast (along with Mad2, Bub1, Bub3, Mad3/BubR1, Mps1). It is usually described as the 'receptor for Mad2' at the kinetochore (Chen et al., 1998; Musacchio and Salmon, 2007; Shah et al., 2004) and indeed its role in generating the anaphase inhibitor is crucial. In current models, a kinetochore-bound Mad1-Mad2 'core complex' catalyzes the formation of Mad2-Cdc20 complexes, which are an essential part of the anaphase inhibitor (De Antoni et al., 2005; Mapelli et al., 2007; Sironi et al., 2002; Yang et al., 2008) . Moreover, the dynein-mediated removal of Mad1-Mad2 from attached kinetochores (shedding) is believed to contribute to checkpoint shutoff Wojcik et al., 2001) . Somewhat surprisingly, relatively little is known about how Mad1 is recruited to and released from kinetochores nor is it known whether Mad1 has any other mitotic role besides as a component of the SAC.
It is now clear that many SAC proteins have additional activities necessary for normal mitosis. In fact, Mad2 is, for the moment, the only SAC component that does not appear to have a second function promoting efficient mitosis (Buffin et al., 2007; Rahmani et al., 2009 ). More typical are those SAC proteins, such as Bub1 and BubR1, that also promote proper K-MT attachment (Lampson and Kapoor, 2005; Meraldi and Sorger, 2005) . Specific mutations of these proteins can affect either their SAC or kinetochore activities (Buffin et al., 2007; Elowe et al., 2009; Klebig et al., 2009; Rahmani et al., 2009 ).
This multifunctionality of SAC proteins can be easily detected genetically in the Drosophila model system, because kinetochore capture and alignment on the spindle is normally so efficient in flies that, even without a functional SAC (such as in a mad2-null mutant), mitosis is nearly normal and chromosomes usually segregate accurately (Buffin et al., 2007; Rahmani et al., 2009) . By contrast, any mutation reducing this efficiency leads to mitotic errors and often death in SAC-deficient flies. This explains why null mutations of most SAC components (Bub3, BubR1, Mps1, RZZ) lead to aneuploidy and are generally lethal in flies, whereas mad2-null mutants are euploid and healthy: a null mutation in a multifunctional SAC component simultaneously reduces the efficiency of mitosis and eliminates the SAC.
Because of this property of fly mitosis, Drosophila provides a sensitive assay for determining non-checkpoint functions of 'checkpoint' proteins. If the mitotic phenotype of a given SAC mutation is more severe than that of a mad2-null mutant, then it indicates that the protein in question normally provides at least one additional activity contributing to mitotic function.
To better understand the contribution of Mad1 to mitosis, we have generated and characterized a mad1-null mutation in Drosophila. As expected, it is checkpoint deficient and Mad2 is no longer recruited to kinetochores. However, in the absence of Mad1, dividing cells frequently display lagging chromatids at anaphase, at least some of which are due to merotelic linkages persisting into anaphase. Thus, Mad1 seems to contribute directly or indirectly to the establishment of proper K-MT linkages.
Results

A mad1-null mutation and a functional fluorescent mad1 transgene
Because Mad1 is a relatively understudied component of the metazoan SAC, we generated a mad1-null mutation in Drosophila (Flybase CG2072/Tpx181-like) by imprecise excision of a P transposon in a neighboring gene. This allele (called here mad1 1 lacks the entire promoter region and the first 272 amino acids of the Mad1 coding sequence. No detectable protein is expressed. (Fig. 1 ; supplementary material Fig. S1 , see also Materials and Methods). About 20% of homozygote mad1 1 animals reached adulthood, the rest dying as late pupae. Surviving flies had slightly rough eyes; females were fertile, males were sterile. To eliminate possible effects from homozygous loci unrelated to mad1, we also examined flies transheterozygous for mad1 1 and Df(2R)w45-30n, an independently generated large deletion spanning several genes around mad1. The mitotic phenotypes described below were identical in mad1 1 homozygotes and in mad1 1 /Df(2R)w45-30n flies, confirming the amorphic nature of mad1 1 . However, 100% of mad1 1 /Df(2R)w45-30n survived to adulthood in uncrowded conditions and males showed improved fertility. We conclude that the mad1 1 chromosome contains other mildly deleterious mutations at other loci, affecting viability and male fertility (see also Materials and Methods, and supplementary material Table S1 ).
We made several different transgenic constructs linking GFP or Cherry to either the N-terminal or C-terminal ends of wild-type Mad1 controlled by its natural promoter (see Materials and Methods; supplementary material Fig. S1 ). All were fully functional, rescuing in a single copy the lethality, the rough eyes and the mitotic defects of mad1 1 homozygotes described below (supplementary material Table S1 and data not shown). The fluorescently tagged mad1 transgene recapitulated the distribution of Mad1 previously described using antibodies in Drosophila (Katsani et al., 2008; Lince-Faria et al., 2009 ) and has a similar distribution to that seen in mammalian cells. Mad1 associates with nuclear envelope and nucleoplasm during interphase, but localizes to kinetochores at mitotic entry. As kinetochores attach, Mad1 begins to shed, or stream, along the K-fibers ( Fig. 2A) . To our knowledge, this is the first visualization of Mad1 streaming, as has previously been described for Mad2 and RZZ (Buffin et al., 2005; Howell et al., 2000) . By anaphase onset, kinetochore-bound Mad1 levels, like those of Mad2, are nearly undetectable. The distribution of Mad1 is unchanged in mad2-null mutant cells (supplementary material Fig. S1 ). By contrast, in mad1 1 cells, Mad2 is uniformly distributed in the nucleus and cytoplasm (Fig. 2B) , both in interphase and in mitosis, as has been described following RNAi knockdown of Mad1 in vertebrate cells (Luo et al., 2002 Table S1 ). The mitotic index of mad1 1 mutant larval brains did not increase after incubation with the microtubule-depolymerizing drug colchicine, in a manner similar to mutants of other SAC components (Rahmani et al., 2009) . As is the case for mad2 Drosophila mutants (Buffin et al., 2007) , aneuploid cells were very rare (less than 1%, data not shown). Expression of GFP-or Cherry-tagged mad1 transgenes restored a functional SAC (supplementary material Table S1 ).
Observation of both fixed and live mad1 1 mutant cells revealed a high frequency of abnormal anaphases. By live cell imaging, about 70% of the monitored mad1 1 anaphases had one or more severely lagging kinetochores (Table 1) ( Fig. 3 ; supplementary material Fig. S4 and Movie 7). This profound perturbation of anaphase is not seen in the majority of mad2 mutant cells (Buffin et al., 2007; Lince-Faria et al., 2009) (Table 1) (Fig. 3A ; supplementary material Movie 1).
In wild-type cells, nearly all Mad1 is removed from attached kinetochores by the time of anaphase onset. It thus seemed likely that the anaphase problems in the mad1 1 mutant were the consequence of defects occurring during prometaphase or metaphase, when levels of kinetochore-bound Mad1 are more significant. One possible source of lagging chromatids is from chromosomes that have failed to align at the metaphase plate when anaphase starts. However, only about 13% of mad1 1 cells had unaligned kinetochores at anaphase onset. Thus, a failure to congress cannot explain the high frequency of laggards in anaphase nor can it explain the slow migration of the severely lagging chromatids. Fig. 1 . Schematic of the mad1 genomic region, the mad1 1 mutation and the transgenes used in this study. The position of the N-or C-terminal GFP and Cherry tags is indicated on the transgenes. The mad1 1 mutation is a 2.2 kb deletion generated by imprecise excision of the P transposon EY12060. The rep2 mad1 transgene was used to generate the mad1-KAPA point mutation in the Mad2-binding domain of Mad1 (marked by a star). Inadequate dynein motor activity might also contribute to aberrant anaphase migration (Varma et al., 2008; Yang et al., 2007) . We therefore asked whether dynein activity was compromised in mad1 mutant cells. Using a transgene encoding GFP-DLIC2 (dynein light intermediate chain 2), we found that dynein was present on mad1 kinetochores and spindles, at approximately the same levels as found in wild type (supplementary material Fig.  S3B ). Moreover, the poleward transport ('shedding') of GFP-Rod, a dynein-dependent process (Karess, 2005; Wojcik et al., 2001) , seemed normal (supplementary material Fig. S3C and Movie 6). Taken together, these results suggest that overall kinetochorebound dynein function seems to be unaffected by the absence of Mad1 and therefore dynein perturbation probably does not contribute to the observed phenotypes.
Merotely, the attachment of a single kinetochore to both poles of the spindle, is another common source of aberrant chromatid migration (Cimini et al., 2001) . In mammalian cells, lagging chromatids are believed to be generated almost entirely by merotelic attachments. To determine whether lagging chromatids in mad1 1 mutants were merotelically attached, we examined neuroblasts expressing RFP-Spc25-labeled kinetochores and GFP-tagged spindles (using a GFP insertion allele of the microtubule-associated protein Jupiter) ( (10) with K-fibers emanating towards both spindle poles ( Fig. 3B ; supplementary material Movie 2). In some cases, K-fibers of lagging chromatids were observed to maintain a constant length during the first part of anaphase and then suddenly shorten, which might reflect the severing of an opposing K-fiber. An example of this behavior is shown in the anaphase cell in Fig. 3C (see supplementary material Movie 3). A kinetochore associated with K-fibers emanating towards both poles remains stationary into late anaphase, while the other kinetochores have migrated to the poles. The kinetochore becomes 'stretched' along the axis of the spindle. It then suddenly begins to move towards one pole and concomitantly returns to a rounded 'relaxed' form. This stretching is classic behavior for merotelic kinetochores and has been described in vertebrate cells (Cimini et al., 2001) . In other cases, the lagging K-fibers failed to shorten at all during the first part of anaphase when other chromatids were moving to the poles, and relative chromatid movement of the laggard was actually due to spindle elongation (data not shown). This too has been documented for merotelic attachments in mammalian cells (Cimini et al., 2004 ).
An unusual feature of mad1 lagging kinetochores is that they sometimes seem to originate from apparent 'association' of nonsister kinetochore pairs. Two oppositely lagging chromatids would develop from two pairs of chromosomes already clearly associated in prometaphase. Because homologous chromosomes are paired cell. In this example, a lagging kinetochore (boxed in frame 1), associated with K-fibers extending to both poles, remains stationary during the first part of anaphase and become noticeably stretched (insets). At T03:30, it begins to move, possibly caused by the rupture of the merotelic K-fiber (arrow). Concomitantly, the kinetochore recovers its round shape. This behavior is typical of merotelic kinetochores in mammalian cells (Cimini et al., 2001) . See also supplementary material Movie 3. (D)A mad1 1 cell starting in prometaphase, in which a quartet of associated kinetochores (probably a pair of homologs) generates a pair of lagging non-sister kinetochores that are apparently merotelically linked. (Insets: based on their subsequent disjunction, the sister kinetochores can be identified, and are coded blue and green; the non-sisters who will lag are circled in red.) The four kinetochores move as a group and align correctly on the metaphase plate. At anaphase onset, one sister of each pair seems to stick together. As anaphase progresses, one lagging kinetochore (white arrow) is associated with a K-fiber (yellow arrow), which appears to be a merotelic link. A second MT bundle (yellow arrrowhead) appears to link the two lagging sisters. See also supplementary material Movie 4. during interphase and early mitosis in dipterans (McKee, 2004) , it is likely that these are homologous pairs. An example is shown in Fig. 3D (see supplementary material Movie 4), in which a quartet of associated kinetochores aligns (correctly) on the metaphase plate, but then one of each kinetochore pair lags behind at anaphase. At least one of these laggards is clearly merotelically attached (white arrow). In some instances, a microtubule bundle grows between the two lagging kinetochores (Fig. 3D) .
These results indicate that merotely can explain at least some of the lagging anaphase chromatids in mad1 mutant cells. A merotelic origin for the lagging chromatids is consistent with the observed maintenance of diploidy in mad1 cells, despite the frequency of abnormal anaphases, because merotely usually does not generate chromatid missegregation (Cimini et al., 2004) , at least in mammalian cells in culture.
Some mitotic abnormalities in mad1 mutant cells suggest that other aspects of mitosis might be perturbed. A large fraction of mad1 spindles seem to be curved (Fig. 4A ), which is a feature found in cells depleted of certain microtubule motors (Gandhi et al., 2004; Savoian et al., 2004) . We have also seen abnormal anaphases involving chromatin bridges (Fig. 4B) , even when all kinetochores seem to have reached the poles. Such defects are difficult to explain by kinetochore-based mechanisms. mad1 mutant cells do not display the accelerated mitosis of mad2 mutants Checkpoint proteins Mad2, BubR1 and Mps1 participate not only in SAC-mediated delay of anaphase onset, but also in determining the basal mitotic timing, the interval between nuclear envelope breakdown (NEB) and anaphase, in the absence of any SACimposed delay (Buffin et al., 2007; Maciejowski et al., 2010; Meraldi et al., 2004; Rahmani et al., 2009 ). Although Meraldi et al. (Meraldi et al., 2004) did not implicate Mad1 in the timer function, their conclusion was based on siRNA depletion studies. We therefore re-examined the question in the mad1-null mutant cells.
Mad1 non-checkpoint function
Mitotic timing was no faster in mad1-null neuroblasts (average 7.6 minutes) than in the wild type (7.7 minutes for the peak time) (Fig. 5 ) (see Materials and Methods for details). By contrast, timing for mad2 mutants averaged 6.2 minutes (P<0.005). Thus, Mad1 does not seem to participate in basal timing and the mitotic abnormalities we observed are unlikely to be caused by inappropriately short prometaphase.
Mutations in the Mad2-binding domain of Mad1 also affect anaphase
The mitotic phenotypes described above indicate that, in addition to its role in the SAC, Mad1 normally confers an activity required for proper anaphase chromosome behavior, possibly affecting kinetochore function in the generation of correct K-MT attachments or in the repair of improper attachments. It was formally possible, however, that the observed phenotypes were not caused by the lack of Mad1 per se, but rather by the consequent abnormally high pool of free Mad2, which, in a wild-type cell, would normally be tightly bound to Mad1. This explanation predicts, however, that a mad1; mad2 double mutant would resemble the mad2 mutant, which is viable, fertile and has near-normal mitoses despite the complete absence of SAC activity. In fact, the double mutants are only poorly viable and have at least as many anaphase abnormalities as in mad2 mutants alone (supplementary material Table S1 ). This result excludes the alternative explanation and also reinforces our conclusion that Mad1 has SAC-independent activity.
The Mad1-Mad2 core complex catalyzes the formation of Cdc20-Mad2, a component of the anaphase inhibitor (De Antoni et al., 2005; Simonetta et al., 2009; Sironi et al., 2002; Yang et al., 2008) . Sironi et al. (Sironi et al., 2002) delimited the Mad2-binding region of mammalian Mad1 to residues 486-565 and further identified two crucial residues in this region, K541 and P549 (corresponding to K552 and P560 in Drosophila). Mutation of either site to alanine abolished Mad2 binding in vitro.
In an attempt to generate a separation-of-function mutation that would remove the SAC activity of Mad1 but retain its kinetochore function, we mutated both K552 and P560 to alanine. This protein (called here Mad1-KAPA) was expressed from a transgene in a mad1 1 mutant background, under the control of the natural Mad1 promoter (supplementary material Fig. S1 ; see Materials and Methods). We also made a version of Mad1-KAPA tagged with GFP at the N terminus. This protein displayed all the assayed behaviors of wild-type GFP-Mad1, associating with nuclear envelope and nucleoplasm during interphase, and with unattached kinetochores during prometaphase, shedding from attached kinetochores and disappearing entirely from kinetochores by anaphase onset ( Fig. 6A ; supplementary material Movie 5).
In mad1 1 neuroblasts expressing mad1-KAPA, Mad2 did not localize to any subcellular structure. In fact, Mad2 was uniformly distributed throughout the cell during both interphase and mitosis, as it is in the mad1 1 mutant (Fig. 6B ). This confirms that the mutated Mad1 residues are required for Mad2 localization in vivo. Consistent with the crucial role for the Mad1-Mad2 core complex in activating the checkpoint, mad1-KAPA was checkpoint defective (supplementary material Table S1 ).
Unexpectedly, the mitotic phenotype of mad1-KAPA was similar to that of the mad1 1 -null mutant itself (Fig. 6A) (Table 1 ). The frequency of abnormal anaphases remained very high and lagging chromatids were found with merotelic linkages. This failure to complement the mitotic defects of mad1 1 could not be explained by low expression levels, as kinetochores of cells expressing GFPtagged Mad1-KAPA fluoresce just as brightly as those of cells expressing the fully complementing wild-type GFP-Mad1 construct. Nor can the problem be ascribed to interaction with the N-terminal GFP tag, because untagged Mad1-KAPA also failed to restore normal anaphase (data not shown). The simplest, although somewhat surprising, explanation is that the Mad2-binding region of Mad1 is involved not only in binding Mad2, but also in some other activity important for proper kinetochore function.
Discussion
The mutant phenotype we describe here demonstrates that Mad1 is required in Drosophila not only for a functional SAC, but also for a fully functional mitotic apparatus. In its absence, the frequency of lagging chromatids is greatly elevated over that seen in mad2-null neuroblasts. At least some of these lagging chromatids are caused by persistent merotelic linkages.
Null mutations in most SAC components in Drosophila are lethal, because they lead to greatly increased rates of aneuploidy, precisely because they reduce the efficiency of the mitotic apparatus to capture kinetochores and simultaneously eliminate the surveillance system that might catch mitotic errors. The sole exception is Mad2, which has no detectable role in mitosis except as a component of the SAC and the timer. Mad1 presents an intermediate case, as mutant mad1 is still viable and aneuploidy is still infrequent, but nevertheless the mitotic apparatus is compromised. One likely explanation for the relatively benign phenotype of mad1 lies in the nature of the mitotic defects. Lagging chromatids still usually migrate to the correct poles. In fact, in mammalian cells, merotelically attached chromatids often segregate correctly, after a delay (Cimini et al., 2004) . By contrast, chromosome attachment failure is far more likely to lead to aneuploidy.
Our conclusion that Mad1 does have a SAC-independent mitotic function is reinforced by the fact that, unlike mad2 mutants, mad1 cells do not have a faster basal mitotic timer. That is, there are more merotelics and anaphase abnormalities in mad1 mutants than in mad2 mutants, even though mad2 cells have a shorter prometaphase (and thus would have less time to correct attachment errors). The increased lethality of mad1; mad2 double homozygotes is most likely explained by simultaneous increase in aberrant K-MT linkages and shortening of basal timing.
Lagging chromatids at anaphase have been reported after siRNA depletion of Mad1 in mammalian cells (Luo et al., 2002; Meraldi et al., 2004) . However, these studies could not distinguish whether this phenotype was specifically due to Mad1 depletion or just a consequence of a compromised SAC, because the phenotype of inactivated Mad2 also generates highly abnormal anaphases in cultured mammalian cells. On the other hand, Mad1 inactivation has no effect at all in sensitive mitotic assays of the early Caenorhabditis elegans embryo (Essex et al., 2009; Kitagawa, 2009) . This might be a consequence of the holocentric nature of worm chromosomes.
For a cell to generate proper attachments and minimize the frequency of merotely, it must carefully regulate the stability of K-MT interactions during mitosis. The stability of K-MT attachments normally increases as cells progress from prometaphase to anaphase 1 cells expressing GFP-Mad1-KAPA. Top: kinetochores marked by RFP-Spc25. Bottom: the mutant Mad1-KAPA protein behaves like wild-type Mad1. It is correctly recruited to kinetochores in prometaphase and disappears prior to anaphase onset. Images were acquired at the indicated time points (minutes:seconds), which are relative to anaphase onset (T0). Scale bar: 2m. See also supplementary material Movie 5. (B)Mad2 cannot bind to Mad1-KAPA. In mad1-KAPA cells, Mad2 does not localize to any subcellular structure. The dotted circle at bottom left outlines an interphase cell and the dotted circle top right outlines a mitotic cell. Scale bar: 2m. Mad1 non-checkpoint function (Bakhoum et al., 2009) . Instability seems to be important for efficient error correction and the Aurora-B-dependent errorcorrection mechanism is at least partly based on increasing K-MT turnover rates (Cheeseman et al., 2006; Cimini et al., 2006) . Experimental perturbation of K-MT attachment stability has demonstrated a link between inappropriate hyperstability and increased rates of merotely (Bakhoum et al., 2009) .
One way to understand the increased frequency of merotelics in mad1 mutants is to imagine that Mad1 normally helps maintain proper levels of K-MT instability. The relatively high incidence of bent spindles we observe in mad1 1 might also be a consequence of inappropriate MT stability. Indeed, bent spindles were also observed after perturbation of microtubule regulators such as the microtubule plus-end tracking proteins (+TIPs) Orbit/CLASP and APC, Aurora kinases, the dynein-associated protein nudE, and kinesins Klp67A and Ncd (Endow et al., 1994; Gandhi et al., 2004; Inoue et al., 2000; Rusan et al., 2008; Savoian et al., 2004; Wang et al., 2006) . The natural decline in kinetochore-bound Mad1 by anaphase onset would then help to stabilize K-MT attachments, but in the mad1 1 mutant, prometaphase kinetochores might have inappropriate 'anaphase levels' of K-MT stability, thus leading to increased merotely. Mad1 might do this by directly affecting MT binding, because mammalian Mad1 reportedly interacts with the Hec1 subunit of the Ndc80 complex according to a two-hybrid assay (Martin-Lluesma et al., 2002) . Alternatively, Mad1 might in some way promote the error-correction activity of Aurora-B.
Clearly identifiable merotelic attachments could not be found on all severely lagging kinetochores. This might be partly because Drosophila kinetochores have fewer MTs than typical mammalian kinetochores (Maiato et al., 2006) , and the ability to detect a merotelic K-fiber is partly dependent on the number of MTs involved in the linkage. In any case, a merotelic attachment consisting of a single MT would not be detectable. However, there might well be other defects in mad1 mutant cells that also contribute to the observed abnormalities. The fact that we see anaphase bridges ( Fig. 4B) suggests that the absence of Mad1 contributes in some indirect way to inappropriate associations of chromosomes.
Our data predict intriguingly that crucial residues required for this non-SAC mitotic junction reside in the Mad2-binding domain of Mad1. In normal cells, this domain might never be 'empty', as Mad1 is believed to be saturated by bound Mad2 during both interphase and mitosis (Shah et al., 2004) . Only in the abnormal situation of a mad2-null mutant would the domain be unoccupied. However, mad2 cells do not display the profound disruption of chromatid movement seen in mad1-KAPA, and thus this phenotype cannot be a consequence of simply having an unoccupied binding site. Although a portion of the Mad1-Mad2 core complex structure has been solved (Sironi et al., 2002) , its geometry with respect to other kinetochore components is unknown. An interaction between residues forming the Mad2-binding domain and, for example, the Ndc80 complex, which binds microtubules, is thus not excluded. Disrupting such an interaction might explain the phenotype of mad1-KAPA.
The mad1 1 phenotype calls into question certain assumptions about the mitotic phenotypes associated with depleting the RZZ complex and dynein. RZZ is needed for kinetochore recruitment of both dynein and Mad1-Mad2 (Buffin et al., 2005; Karess, 2005; Kops et al., 2005; Starr et al., 1998) . It had been assumed that the aberrant anaphases characteristic of RZZ mutant phenotypes reflected the lack of kinetochore-bound dynein. However, the fact that Mad1 itself affects chromosome segregation suggests that part of the RZZ mutant phenotype previously ascribed to the failure to recruit dynein to kinetochores might in fact be due to kinetochore changes caused by failure to recruit Mad1. Furthermore, dynein has been implicated in the maintenance or establishment of stable end-on K-MT attachments (Varma et al., 2008) . As removal of Mad1 from attached kinetochores depends on dynein activity, interfering with this removal might be a contributing explanation for the effect of dynein on stable attachment formation.
Finally, our finding that basal mitotic timing is not accelerated in mad1-mutant cells has implications for the nature of the timer. Assuming that the timer reflects the presence of Mad2-Cdc20 complexes formed independently of the SAC, this result suggests that Mad1 does not participate in the generation of such complexes outside of the unattached kinetochore, even though Mad1 is part of the catalyst for the generation of Mad2-Cdc20 complexes as part of the SAC. Perhaps only a low threshold level of Mad2-Cdc20 suffices for normal timing, a level obtained in the absence of the Mad1 catalyst.
This work has revealed that Mad1 contributes to the proper functioning of mitosis, in addition to its role as the kinetochorebound receptor for Mad2. It presumably does so by interacting with other kinetochore components, in part through residues in the Mad2-binding domain. However, although kinetochore recruitment of Mad1 depends on the activity of the RZZ complex (Buffin et al., 2005; Kops et al., 2005) , Mps1 (Liu et al., 2003) , Ndc80 complex (Martin-Lluesma et al., 2002) and Bub1 (Brady and Hardwick, 2000; Sharp-Baker and Chen, 2001) , no clear kinetochore-binding molecular partners of Mad1 are known. Obtaining such information will be important to determining how it carries out its dual roles.
Materials and Methods
Generation of a mutant mad1 allele
The mad1 1 allele was generated by imprecise excision of the P-element P{EPgy2}EY12060 inserted in the adjacent Rep2 gene (CG1975). This original Pelement insertion was homozygous and viable. Imprecise excision was identified by a white eye color and was sequenced by PCR using primers corresponding to genomic sequences flanking the insertion region. The deletion is 2225 base pairs long, starting from the P-element insertion site, and encompasses the entire intergenic region (including the promoter) and the first 814 base pairs of the mad1 coding sequence, corresponding to the first 272 of the 730 codons of mad1.
Rep2 encodes a predicted caspase-activated nuclease. No phenotype is associated with any of the P-transposon insertions in the Rep2 gene, as described in Flybase. There are two annotated transcription start sites, but only the first transcript should be affected by the mad1 1 deletion. The following experiments exclude a contribution of Rep2 to the mitotic phenotype we describe for the mad1 1 allele. We made a transgenic construct encoding the entire Rep2 gene. This transgene does not complement the checkpoint defect or the anaphase defect of homozygous mad1 1 flies. By contrast, a transgene encoding a GFP-Mad1 fusion protein rescued both the checkpoint and anaphase defects of mad1 1 flies. Homozygous mad1 1 male flies are entirely sterile. The following evidence argues that this sterility is unrelated to the lesion in mad1 1 . Neither the Rep2 transgene nor the GFP-mad1 transgene, nor both together complemented the male sterility. Flies transheterozygous for mad1 1 /Df(2R)45-30n displayed abnormal anaphases and checkpoint failure indistinguishable from that seen in mad1 1 homozygotes, but male survivors consistently showed some (low) fertility. Normal fertility in these animals was restored by the GFP-mad1 transgene, but not by the Rep2 transgene. We conclude that the total male sterility of mad1 1 homozygotes is unrelated to mad1 or Rep2, but is caused by a linked mutation outside the genomic region delimited by Df(2R)45-30n.
mad1 transgenes
Several transgenes carrying the mad1 gene and its endogenous promoter fused or not with a fluorescent tag have been constructed. An mCherry tag was fused to the N or C terminus of Mad1; a GFP tag was fused only to the C terminus. These three transgenes were cloned in pCasper4, which inserts randomly in the fly genome. Transgenes rep2, rep2 mad1, rep2 gfp::mad1, rep2 mcherry::mad1, rep2 mad1-KAPA, rep2 and rep2 gfp::mad1-KAPA were cloned into pattB obtained from Johannes Bischof (Institute for Molecular Biology, Zurich, Switzerland). This vector allows site-directed integration using the PhiC31 system (Bischof et al., 2007) . The four wild-type constructs were inserted in yw flies at site 2A, whereas the four mutant constructs were inserted at site 86F.
Western blot analysis
Western blots of mad1 1 mutant and transgenic mad1 variants were performed as previously described (Buffin et al., 2007) using mouse anti-Mad1 (Katsani et al., 2008) . In brief, protein extracts from 50 to 60 brains of wild type, mad1-KAPA and GFP-mad1 (each expressed in the mad1 1 mutant background), and mad1 1 homozygous or mad1 1 /Df(2R)45-30n third instar larvae were loaded onto 10% SDSacrylamide gels and electroblotted to nitrocellulose membrane. Membranes were blocked for 1 hour in TBST (TBS and 0.1% Tween) with 3% dry milk and incubated overnight at 4°C with anti-Mad1 diluted at 1:200 in TBST plus 1% milk. After washing in TBST, the blot was incubated for 1 hour at room temperature with secondary antibody goat anti-mouse IgG conjugated with horseradish peroxidase (1:5000, Bio-Rad Laboratories). Immunodetection was performed with the SuperSignal kit (Thermo Fisher Scientific). Membranes were stripped and incubated with mouse anti--tubulin (1:4000, Sigma) as a loading control.
Cytology
For simple cytology of mitotic cells, third instar larval brains were fixed and stained in aceto-orcein as described previously (Buffin et al., 2007) .
In vivo observation of larval neuroblasts
The kinetics of mitosis in living larval neuroblasts was determined as previously described (Buffin et al., 2005) . Fluorescent time-lapse movies were acquired with an Olympus IX-70 inverted microscope, a focused Xenon lamp and a Hammamatsu OrcaER camera, piloted by the Olympus Cell-R hardware and software system. Acquisition times per frame were between 50 ms and 100 ms. Stacks of 3 to 7 planes at 0.5 m intervals were collected every 15 seconds with a 60ϫ NA 1.4 objective. Images depicted are maximum intensity projections and have been adjusted for brightness and contrast. Microtubules were visualized using the GFP-Jupiter fusion allele (Karpova et al., 2006) . Kinetochores were labeled by expression of an Spc25-mRFP1 transgene (Schittenhelm et al., 2007) .
For mitotic timing, quantitation was performed as described (Buffin et al., 2007; Rahmani et al., 2009 ). NEB was defined as when the GFP-Rod signal began to be visible on kinetochores. Anaphase onset was defined as the moment sister kinetochores (marked with the GFP-Rod signal) began to separate. The basal mitotic time, or 'peak time', is the average of wild-type cells excluding the slowest 20%, which are delayed by the SAC. The retained 80% (the 'peak') can be fit to a normal curve assuming a homogeneous population lacking the SAC [see discussion in Meraldi et al. (Meraldi et al., 2004) ]. 
Supplemental
21%
Brains were fixed in acetic acid and stained in aceto-orcein, then prepared for microscopy.
